Extracorporeal membrane oxygenation (ECMO) is a form of advanced cardiorespiratory support provided to critically ill patients with severe respiratory or cardiovascular failure. While children undergoing ECMO therapy have significant risk for neurological morbidity, currently there is a lack of reliable bedside tool to detect the neurologic events for patients on ECMO. This study assessed the feasibility of frequency-domain near-infrared spectroscopy (NIRS) for detection of intracranial complications during ECMO therapy. The frequency-domain NIRS device measured the absorption coefficient (µ a ) and reduced scattering coefficient (µ s ′) at six cranial positions from seven pediatric patients (0-16 years) during ECMO support and five healthy controls (2-14 years). Regional abnormalities in both absorption and scattering were identified among ECMO patients. A main finding in this study is that the abnormalities in scattering appear to be associated with lower-than-normal µ s ′ values in regional areas of the brain. Because light scattering originates from the intracellular structures (such as nuclei and mitochondria), a reduction in scattering primarily reflects loss or decreased density of the brain matter. The results from this study indicate a potential to use the frequency-domain NIRS as a safe and complementary technology for detection of intracranial complications during ECMO therapy. ASAIO Journal 2017; 63:e52-e59.
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Veno-venous ECMO (VV-ECMO) bypasses the diseased lungs by draining the deoxygenated blood from and returning the oxygenated blood to the heart. Veno-arterial ECMO (VA-ECMO) is used in combined cardiopulmonary disease by draining the deoxygenated blood from the venous side and returning the oxygenated blood to the arterial side. Extracorporeal membrane oxygenation is typically used as a rescue therapy for potentially reversible, life-threatening conditions, such as severe shock states, severe respiratory failure such as acute respiratory distress syndrome (ARDS), postcardiac surgery, and neonates with persistent pulmonary hypertension (PPHN). It is also used as part of cardiopulmonary resuscitation (CPR) when conventional CPR has failed to stabilize the cardiopulmonary system. The use of ECMO support has increased steadily since the early 1990s. 2 With advancement in the intensive care unit (ICU) and ECMO technologies, the survival rate with ECMO has steadily improved. With the improved survival rate, neurologic complications have become an important cause for morbidity. 3, 4 Intracranial complications are the most common causes of death in ECMO-treated patients and are associated with poor neurodevelopmental outcomes and long-term disabilities in survivors. [5] [6] [7] [8] Pre-ECMO factors, such as hypoxemia, acidosis, and hypotension, and ECMO-related factors such as hemodynamic alterations resulting from the nonpulsatile flow, complications of systemic anticoagulation, and microthrombi from the extracorporeal circuit are potential contributors to brain injury.
Currently there is no reliable bedside tool to detect the neurologic events in patients on ECMO therapy. Head ultrasound has limited utility beyond the neonatal period. 9 Computed tomography (CT) scan 10 on ECMO and magnetic resonance imaging (MRI) after completion of ECMO require transport of critically ill patients to the radiology suite. New bedside tools for detection of neurologic events during ECMO therapy are needed.
Near-infrared spectroscopy (NIRS) 11 broadly describes a noninvasive technology that probes biological tissues based on the absorption and scattering of near-infrared light (650-950 nm). The near-infrared light can penetrate a couple of centimeters into the brain. 12, 13 The primary tissue absorbers in the nearinfrared range are the oxygenated hemoglobin (HbO 2 ) and deoxygenated hemoglobin (Hb) in the blood. Hence the light absorption measured by NIRS mainly reflects the blood concentration and tissue oxygenation. Traditional NIRS cerebral oximeters (such as the INVOS, EQUANOX, FORE-SIGHT, etc.) extract the information of tissue oxygenation from light absorption and have been widely used during ECMO in the last decade. 14, 15 However, the tissue oxygenation saturation provided by the traditional NIRS cerebral oximeters is a ratio of oxygenated hemoglobin to total hemoglobin (Hb total = HbO 2 + Hb).
In this case series, we propose to use frequency-domain NIRS technology 11 that can quantify the absolute value of light absorption. This value mainly reflects the amount of blood present in the tissues, which is a valuable parameter in ECMO patients with their increased risk for intracranial bleeding. Furthermore, frequency-domain NIRS can also quantify the absolute value of light scattering. The light scattering occurs because of mismatches in refractive index of the different tissue components. The most important cellular components involved in light scattering are cellular nuclei and mitochondria. 16 Hence this value can help us determine the tissue mass in the brain.
Thus, the current study assessed the feasibility of frequencydomain NIRS technology for detection of intracranial complications during ECMO therapy, by measuring both the absorption and scattering properties in regional areas of the brain.
Methods

Participants
This study included patients 0 to 18 years of age, who had undergone ECMO therapy at Children's Medical Center of Dallas from 2013 to 2015. Pediatric patients who were placed on ECMO in the pediatric ICU (PICU) were eligible. Exclusion criteria were underlying congenital heart disease or cardiac surgery because of known predisposition to pre-ECMO cerebral injuries. [17] [18] [19] The study protocol was approved by the institutional review board (IRB) at University of Texas Southwestern Medical Center at Dallas. Informed consent was obtained from the patients' parents or legal guardians.
To obtain normal values of cerebral absorption and scattering, a small cohort of healthy children were also recruited from the local community and measured by the same frequencydomain NIRS device. Informed consent was obtained from their parents or legal guardians before the measurements.
Instrument
Measurement of the absorption and reduced scattering coefficients of cerebral tissues was performed using a commercially available OxiplexTS tissue oximeter (ISS Inc., Champaign, IL; Figure 1 ). This device is based on multidistance frequency-domain NIRS. It consists of eight laser diodes as the light sources, four at 785 nm and four at 811 nm, and one photomultiplier tube (PMT) as the detector. The eight laser diodes are arranged into four source pairs (one 785 and one 811 nm laser per pair) that have different distances from the detector. The light from different sources passes through the tissues and is then detected by the PMT detector. Then, the absorption coefficient (µ a ) and reduced scattering coefficient (µ s ′) of the sampled tissues are calculated by employing a linear fitting of the light attenuations and phase shifts as a function of the four source-detector distances. 20 
Near-Infrared Spectroscopy Measurements
For each patient, the NIRS measurements were performed at six cranial positions, namely the FP1, FP2, F3, F4, C3, and C4 points in reference to the electroencephalography (EEG) 10-20 system (Figure 2) . At each point, the NIRS probe was placed on the scalp firmly and the hair under the probe was combed out before the data were taken. To reduce the variations of data because of probe placement, each cranial position was measured three times by putting the probe on and off the scalp to derive a mean value.
For each patient, the NIRS measurements were performed on multiple dates during the ECMO support while the patient was clinically stable.
Data Analysis
The results from each measurement include µ a and µ s ′ readings at two wavelengths, namely 785 and 811 nm. Both wavelengths are close but on different sides of the isosbestic point (=800 nm), where HbO 2 and Hb have the same molar extinction coefficient. 21 Therefore to simplify the data analysis, the µ a values were averaged over these two wavelengths. In this way, the averaged µ a value was primarily sensitive to the total blood concentration in the sampled tissues. Similarly, the µ s ′ values were also averaged over the two wavelengths.
To characterize the regional abnormalities in cerebral absorption and scattering, we assumed the normal brain should have approximately same µ a and µ s ′ values between the symmetrical positions on the two cerebral hemispheres (i.e., FP1 vs. FP2, F3 vs. F4, and C3 vs. C4 in Figure 2 ) on basis of their structural similarity. In contrast, intracranial complications would result in different blood concentration or brain structure between two symmetrical positions, which could be reflected by the difference in corresponding µ a and µ s ′ values. To quantify the degree of lateral difference in µ a and µ s ′, two lateralization factors, L a and L s , were defined as follows: 
For each of L a and L s , a value of 0 indicated two symmetrical positions had same µ a or µ s ′, a value of ~1 indicated one hemisphere had a much higher µ a or µ s ′ than the other hemisphere.
Neuroimaging Assessments
As part of the clinical protocol at the Children's Medical Center of Dallas, neuroimaging assessments were performed if clinically feasible for evidence of neurological abnormalities and injuries. This included head ultrasound during the ECMO run for neonates and 3 Tesla MRI scan for post-ECMO survivors. Emergent head imaging (CT scan) was also conducted during ECMO run when deemed clinically appropriate by the attending intensivist.
Results
Seven pediatric patients (one male and six females, 0−16 years) who received ECMO therapy were measured during the study period. One had veno-arterial ECMO (VA-ECMO), four had veno-venous ECMO (VV-ECMO), and the other two initially had VV-ECMO and then were converted to VA-ECMO. Individual characteristics and clinical outcomes of these patients are detailed in Table 1 . Neuroimaging findings are described in Table 2 .
Five healthy controls (two males and three females, 2-14 years) were measured for normal values of the brain. For healthy controls, both absorption and reduced scattering coefficients were similar between the laterally symmetrical positions (FP1 vs. FP2, F3 vs. F4, and C3 vs. C4. All p values are >0.05.).
Thus, the quantified lateralization factors L a and L s were close to zero (all values <0.06). In contrast, the L a and L s values from the ECMO patients are largely variable. Figure 3 , A and B shows the cumulative distribution function of L a and L s at the group level, respectively. In each figure, all of the values from healthy controls are within a narrow range of 0-0.06. The dash line indicates three standard deviations (single-sided normal distribution) of data from the control group, which constrains 99.7% probability of data variation from the normal brains. Thus, it was used as a threshold to identify the abnormalities among ECMO patients. As a result, 24% of L a values and 16% of L s values from the ECMO patients exceeded this threshold. Results from individual ECMO patients are described below.
Patient 1 was a 1 year old female who was a premature infant born at 28 weeks of gestation and placed on VV-ECMO for ARDS secondary to H1N1 pneumonia. She stayed on VV-ECMO for 12 days and was then weaned off ECMO support. Very thick hair resulted in NIRS measurements being feasible only at the FP1/FP2 points on three dates (days 1, 2, and 4). No regional abnormality was seen in either absorption or scattering although the post-ECMO MRI demonstrated volume loss of the white matter in bilateral thalami and cerebellar hemispheres ( Figure 5 , top-left panel), which were thought to be from underlying prematurity.
Patient 2 was a 9 month old female who was placed on VV-ECMO for pulmonary hypertensive crisis. During the ECMO run, she was converted to VA-ECMO due to hemodynamic instability. She stayed on VV/VA-ECMO for totally 6 days and was then weaned off. The NIRS measurements were conducted on three different dates (days 1, 2, and 4) during ECMO. Large variations in absorption coefficient were seen over time, especially at F3/F4, which therefore led to large lateralization difference (L a > 0.1) between F3 vs. F4 and C3 vs. C4. These variations corresponded to the areas of large subdural fluid accumulation demonstrated by MRI, which were indicated pre-ECMO and significantly worsened post-ECMO, as shown in Figure 4C . For this patient, the reduced scattering coefficient was more stable over time and more consistent laterally. For each patient, the NIRS measurements were performed at six cranial positions, namely the FP1, FP2, F3, F4, C3, and C4 points in reference to the EEG 10-20 system. EEG, electroencephalography; NIRS, near-infrared spectroscopy.
Patient 3 was a 3 day old full-term female who was placed on VV-ECMO for PPHN and meconium aspiration. She stayed on VV-ECMO for 4 days and was then weaned off. For this patient, only the FP1/FP2 points were measured by NIRS on two dates (days 1 and 3) due to the presence of thick hair at all the other positions. On day 1, both absorption and reduced scattering coefficients showed significant reduction on the left cerebral hemisphere. On day 3, both coefficients returned to normal. The early abnormality seen in the NIRS corresponded to abnormal signal intensity within the white matter of the same region shown in the post-ECMO MRI (Figure 5 , top-right panel).
Patient 4 was a 14 year old female who was placed on VV-ECMO for ARDS secondary to H1N1, as well as methicillinresistant Staphylococcus aureus (MRSA) pneumonias. During her ECMO run, she was converted to VA-ECMO due to hemodynamic instability. She stayed on VV/VA-ECMO for 20 days and was then weaned off. For this patient, the FP1/FP2 and F3/F4 points were measured by NIRS (the C3/C4 points were blocked by cannulas) on three successive dates (days 1-3). All results were normal. However, the post-ECMO MRI did have some evidence of mild atrophy and small area of hemorrhage in the right centrum semiovale (Figure 5, bottom-left panel) . Patient 5 was a 6 month old female who was placed on VV-ECMO for ARDS secondary to H1N1. She was on VV-ECMO for 12 days before her death. Near-infrared spectroscopy measurements were conducted on two successive dates (days 1 and 2) in the late course of her ECMO run. While the absorption coefficient was relatively stable over time, a decrease in reduced scattering coefficient from day 1 to day 2 was seen in all six positions, especially in F3 and C3. As a result, the corresponding lateralization difference between F3 vs. F4 and C3 vs. C4 were very large (L s > 0.2) in day 2. Patient died from right atrial perforation from cannula malpositioning during her ECMO run.
Patient 6 was a 16 year old female who was placed on VV-ECMO, with a femoral drainage cannula, for ARDS secondary to respiratory syncytial virus (RSV) septic shock. She stayed on VV-ECMO for 26 days and was then weaned off. The NIRS measurements were conducted on three dates (days 1, 4, and 5) and all of the results were normal. There was no available post-ECMO imaging as the patient was diagnosed of incurable cancer during her ECMO therapy.
Patient 7 was a 2 day old full-term male who was placed on VA-ECMO for PPHN and meconium aspiration. He was on VA-ECMO for 3 days and then weaned off. For this patient, the FP1/FP2 and F3/F4 points were measured by NIRS (the C3/C4 points were blocked by cannulas) on three successive dates (days 1-3). Significant reduction in reduced scattering coefficient was seen in the left cerebral hemisphere (Fp1 on day 1 and F3 on day 3), which corresponded to the area of restricted diffusion involving the superior cerebellar peduncles shown in MRI. This indicates that ischemic injury to the involved area could lead to decrease in white and grey matter within the central mid brain (Figure 5, bottom-right panel) .
At the group level, it was observed that lower-than-normal values of reduced scattering coefficient (µ s ′) in one side of the brain were consistently associated with large lateralization difference (L s ), such as patient 5 above, whereas the relationship between absorption coefficient (µ a ) and lateralization difference (L a ) was not apparent. Thus, linear regressions were further conducted to assess the relationships between L s and µ s ′ as well as between L a and µ a , and the results are shown in Figure 6 , A and B, respectively. Because each nonzero lateralization factor corresponded to a higher µ a or µ s ′ value on one side of the brain and a lower value on the other side of the brain, each of the L a − µ a or L s − µ s ′ relationship was analyzed based on its corresponding higher-value brain side and lower-value brain side separately. These analyses demonstrated that the µ a values had little correlation with L a on both higher-value brain side (R 2 = 0.05, p = 0.18) and lower-value brain side (R 2 = 0.03, p = 0.32). Similarly, µ s ′ on the higher-value brain side also had little correlation with L s (R 2 = 0.07, p = 0.12). However, µ s ′ on the lower-value brain side had a significant descending correlation with L s (R 2 = 0.35, p < 0.01). Therefore, it appears that the large lateral difference in scattering was caused by a reduction of scattering in one side of the brain.
Discussion
The current study assessed intracranial abnormalities in neonatal and pediatric patients on ECMO support by measuring the regional light absorption and scattering with frequency-domain NIRS technology. The precision of the NIRS measurements enabled identification of regional abnormalities in both absorption and scattering based on comparisons between healthy controls and ECMO patients, as well as between the laterally symmetrical positions (FP1 vs. FP2, F3 vs. F4, and C3 vs. C4 in Figure 2) . The results from this study indicate a potential to use the frequency-domain NIRS for detection of intracranial complications during ECMO therapy.
ECMO is associated with a relatively high incidence of substantial complications, of which intracranial injuries are the most important and most devastating. 9 These injuries consist of hemorrhagic and nonhemorrhagic, ischemic lesions. The existence of intracranial injuries and the classifications of severity are the major predictors for neurodevelopmental outcomes in survivors. In general, head ultrasound is used for detection of intracranial abnormalities in ECMO-treated newborns and infants with open fontanels. It is sensitive in the evaluation of large intracranial hemorrhage, 22 but less useful for the detection of ischemic lesions.
Several studies have demonstrated that CT and MRI scans can identify intracranial lesions that earlier were not seen with head ultrasound. For instance, a recent study by Rollins et al. 23 studied 50 neonates with MRI done after ECMO, before discharge, and compared the results with head ultrasound completed during ECMO. Head ultrasound was abnormal in 24% neonates during ECMO, whereas post-ECMO MRI was abnormal in 62% neonates. Most of the lesions unrecognized on head ultrasound were nonhemorrhagic. While MRI appears to be ideal for post-ECMO evaluation, its application during ECMO therapy is not possible. CT imaging is limited by the difficulty in transport of these patients to the radiology suite and the potential risks, such as accidental decannulation and death. Thus, we currently lack a reliable tool for early detection of intracranial injuries during ECMO therapy, especially for the patients with closed fontanels where head ultrasound cannot be used.
Near-infrared spectroscopy has been widely accepted as a noninvasive, portable technology in critical care unit that has demonstrated sensitivity to changes in cerebral tissue oxygenation. 14, 15 Compared with head ultrasound, NIRS can be used for all age groups because the near-infrared light can easily pass through the skull. A main drawback of NIRS is its limited penetration depth. The depth sensitivity of NIRS increases with the source-detector distance. With an achievable sourcedetector distance of 3 to 5 cm, NIRS has sufficient sensitivity to the cortical sulci and superficial white matter. 13 On the other hand, a study by Bulas et al. 22 found that hemorrhages in ECMO-treated newborns are mainly within the brain parenchyma. Thus, we suggest NIRS could still be a complementary tool to the existing technologies for bedside evaluation during ECMO therapy.
The frequency-domain NIRS used in this study determined absolute absorption and reduced scattering coefficients of cerebral tissues based on the incremental changes of light attenuation and phase shift at four source-detector distances. In this way, the light attention and phase shift caused by the extracerebral tissues (i.e., the scalp and skull) were represented as the base values at the shortest source-detector distance, and therefore had minimal influence on the cerebral readings. This mechanism limited the measurement variations in both absorption and scattering, which allowed us to investigate their abnormal changes by comparing readings between healthy controls and ECMO patients, as well as between the laterally symmetrical positions. A main finding in this study is that the identified abnormalities in scattering among ECMO patients appear to be associated with lower-than-normal values of reduced scattering coefficient seen in regional areas of the brain. Because light scattering originates from the intracellular structures (such as nuclei and mitochondria), 16 a reduction in scattering primarily reflects loss or decreased density of the brain matter. Loss of brain volume can be because of several different factors, such as resolving hemorrhage, hypoxic ischemic lesions, and injury secondary to stroke, all of which can occur in patients undergoing ECMO therapy. Furthermore, we have also seen the consistent changes in the scattering corresponding to changes in post-ECMO neuroimaging. However, this correspondence was seen only if the injury was in the parietal or frontal regions of the brain. The NIRS measurement was not sensitive enough to pick up changes in the water shed areas of the brain, such as hippocampi and the deep cerebral and cerebellar nuclei.
Because none of the ECMO patients in this study developed significant intracranial bleeding during the therapy, we did not see any consistent changes in the absorption pattern. Large intracranial bleeding would certainly cause significant changes Figure 6 . A: Relationship between absorption coefficient µ a and lateralization factor L a at the group level. Since each nonzero L a corresponded to a high µ a value on one side of the brain and a low µ a value on the other side, the L a − µ a relationship was analyzed based on the corresponding higher-value brain side (□) and lower-value side (◊) separately. The lines indicate the linear regression curves in the two separate cases. B: Relationship between reduced scattering coefficient µ s ' and lateralization factor L s at the group level. The L s − µ s ' relationship was also analyzed based on the corresponding higher-value brain side (□) and lower-value side (◊) separately. The lines indicate the linear regression curves in the two separate cases. e59 of blood volume in the area of the brain that is involved, which would lead to abnormalities in the absorption pattern. However, further studies on larger groups of patients during ECMO are needed for confirmation. Furthermore, frequency-domain NIRS was done during the course of the ECMO run when patients were much sicker and had significant disturbances in their cerebrovascular functions. 24 The neuroimaging done is much later in the course of their hospitalization when they are less sick and stable. This can be one of the significant reasons why the frequency-domain NIRS changes did not always correlate with the changes seen on neuroimaging.
Another limitation in this study was the light absorption by the hair, for which data from several cranial points (such as F3, F4, C3, and C4) could not be collected among subjects with thick hair. The hair absorption is a common issue in NIRS. This can be improved by better probe design, for example, letting the optical fibers have short tips (1-2 mm) out of the probe to pass through the hair. Furthermore, recently, we have reported the use of brush optodes to improve the optical contact on subjects with dense hair. 25 The brush optode is applicable for all kinds of NIRS probes, which can be regarded as the ultimate solution of this issue.
Conclusions
Regional abnormalities in both absorption and scattering were identified by frequency-domain NIRS among pediatric patients during ECMO therapy. The scattering abnormalities appear to be associated with lower-than-normal µ s ′ values in regional areas of the brain, which primarily reflects loss or decreased density of the brain matter. These results suggest that the frequency-domain NIRS potentially can be a complimentary bedside tool to help detect cerebral abnormalities for patients on ECMO. Future studies are needed to correlate these abnormalities with long-term outcomes.
